Abstract. This work focuses on the reprocessability of metallic 92 Mo and ceramic MgO, which is under investigation for (Pu,MA)-oxide (MA = minor actinide) fuel within a metallic 92 Mo matrix (CERMET) and a ceramic MgO matrix (CERCER). Magnesium oxide and molybdenum reference samples have been fabricated by powder metallurgy. The dissolution of the matrices was studied as a function of HNO 3 concentration (1-7 mol/L) and temperature (25-90°C). The rate of dissolution of magnesium oxide and metallic molybdenum increased with temperature. While the MgO rate was independent of the acid concentration (1-7 mol/L), the rate of dissolution of Mo increased with acid concentration. However, the dissolution of Mo at high temperatures and nitric acid concentrations was accompanied by precipitation of MoO 3 . The extraction of uranium, americium, and europium in the presence of macro amounts of Mo and Mg was studied by three different extraction agents: tri-n-butylphosphate (TBP), N, N-dimethyl-N,N-dioctylhexylethoxymalonamide (DMDOHEMA), and N,N,N',N'--tetraoctyldiglycolamide (TODGA). With TBP no extraction of Mo and Mg occurred. Both matrix materials are partly extracted by DMDOHEMA. Magnesium is not extracted by TODGA (D < 0.1), but a weak extraction of Mo is observed at low Mo concentration.
Introduction
During the generation of electricity by nuclear power, considerable amounts of short-and long-lived radioactive fi ssion products as well as considerable quantities of bred plutonium (1 wt%) and minor actinides (MA) (0.1 wt%) are generated. Plutonium and MA (especially americium) are of particular concern with respect to long-term radiotoxicity, heat load issues and proliferation risks. The partitioning and transmutation (P&T) of MA in accelerator driven systems (ADS) is one possibility to cope with this problem [1] [2] [3] .
(Pu,MA)-Oxide within a ceramic MgO matrix (CERCER) and (Pu,MA)-oxide within a metallic 92 Mo matrix (CERMET) were proposed as ADS fuel on the basis of various experiments, such as FUTURIX-FTA, HELIOS, BODEX, and ECRIX-H, on the irradiation performance of inert matrix fuels (IMF) with a matrix content >60 vol.% [4] [5] [6] . Mo-based fuels showed safety advantages, while MgO-based inert matrix fuels were superior with regard to transmutation performance [7] . The reprocessability of these IMF is under investigation within the EU project ASGARD [8] . The ADS fuel cycle is capable of recycling a high concentration of minor actinides in the fuel. However, multi cycles are needed as well as specifi c separation processes for the specifi c fuel. Enriched 92 Mo is used because
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of its favorable neutronic parameters and needs to be recovered. The inert matrix material should not give rise to new radioactive waste that needs to be safely disposed of as low or medium active waste [9] . Hydrometallurgical processes using solvent extraction technology are the industry standard for used light water reactor fuel reprocessing with the plutonium uranium reduction extraction (PUREX) process as the basis for all current commercial scale reprocessing plants. It consists of the initial dissolution of fuel into nitric acid and the consecutive separation. The fuel is dissolved in hot concentrated HNO3. This step, which takes a few hours, dissolves the uranium, plutonium, and fission products, leaving the undissolved cladding to be disposed of as high active solid waste. A solution of 30% tri-n--butylphosphate (TBP) in kerosene type diluent is used initially to separate U and Pu from the vast majority of the fi ssion products [10] .
In order to achieve a signifi cant reduction in long--term radiotoxicity of the high active waste, Am and Cm must also be separated from the PUREX raffi nate, which is currently vitrifi ed for subsequent disposal in deep geological repositories. The processes that have been developed over the past 20 years, are mainly based on the co-extraction of trivalent actinides and lanthanides and their subsequent separation [2, 11] . The separation of An(III) + Ln(III) from PUREX raffi nate in a process called DIAMEX (diamide extraction) was proposed in the 1980s [12] . N,N-dimethyl-N,N-dioctylhexylethoxymalonamide (DMDOHEMA) has become the reference molecule for the DIAMEX processs [13, 14] enhancing the extractive properties towards trivalent elements and shortening the degradation compounds formed by acidic hydrolysis and radiolysis [15] . Recently, a new process for recovery of trivalent actinides from PUREX-type raffinate utilizing N,N,N,N--tetraoctyldiglycolamide (TODGA) was developed [16] [17] [18] [19] [20] [21] [22] . In a fi rst step a very effi cient extraction of An(III) and Ln(III) from acidic medium is performed, followed by their stripping using diluted nitric acid [19] .
In this paper the reprocessability of magnesia and molybdenum based IMF is under investigation. This includes a brief investigation of their dissolution behavior at different acid concentrations (1-7 mol/L) and temperatures (room temperature and 90°C), although the main focus is on extraction. The extractability of Mg and Mo as well as the infl uence of macro amounts of matrix material on the extraction of U(VI), Eu(III), and Am(III) were examined. Extraction studies with TBP were performed under PUREX conditions. The two well-known DIAMEX type extractants DMDOHEMA and TODGA were studied for actinide(III) and lanthanide(III) extraction.
Experimental

Pellet fabrication
To investigate the reprocessability of molybdenum and magnesia based inert matrix fuels reference samples have been prepared. The pellets were characterized by means of density measurements, scanning electron microscope (SEM) investigation, and X-ray diffraction (XRD).
Magnesium oxide powder (Merck, pro analysis) was calcined at 600°C for 2 h and then milled by hand. The powder (500 mg) was compacted into cylindrical pellets with 10 mm diameter by cold uniaxial pressing. All MgO pellets were sintered for 5 h in air atmosphere at 1600°C. The density, determined by a geometrical method, of the MgO pellets used for dissolution experiments was 96 ± 3% TD (quotient of the theoretical density in percent).
Molybdenum pellets (10 mm diameter) were fabricated by compacting 1 g Mo powder (Strem Chemicals, 99.9%) at a pressure of 640 MPa using a cold uniaxial press. The pellets were then sintered at 1600°C for 5 h in argon atmosphere. The density of all pellets was measured by the geometrical method and was 92 ± 1% TD.
Dissolution experiments
The infl uence of temperature and nitric acid concentration on the dissolution of MgO and Mo pellets was investigated. Dissolution experiments were conducted in a two-necked round-bottom flask equipped with a Liebig condenser. During dissolution, the liquor was stirred using a magnetic stirring bar. An oil bath was used for temperature control. Nitric acid (Merck, pro analysis) was used for all dissolution experiments. If not stated otherwise 20 mL of acid were provided in the fl ask per 1 g of pellet (MgO, Mo) for each dissolution experiment, the stirring rate was set to 300 rpm, and the temperature was adjusted, then the pellet was added. During the dissolution process 50 L samples were taken and measured in a calibration range of 0.1 to 100 g/L with appropriate dilution of the analyte in 1% v/v HNO 3 (suprapure) solution. Molybdenum samples were centrifuged prior to dilution; for magnesium samples fi ltration and centrifugation was proven to be unnecessary. The inductively coupled plasma mass spectroscopy (ICP-MS) measurements were realized with the Elan 6100 DRC apparatus, developed by PerkinElmer and SCIEX.
Extraction experiments
The extraction of Mo, Mg, U, Am, and Eu by three different solvents was tested. The used solvents were: -30% TBP in TPH (hydrogenated tetrapropene, industrial kerosene diluent), PUREX solvent; -0.6 mol/L DMDOHEMA in Exxsol-d80 (industrial kerosene diluent), DIAMEX solvent;
Equal volumes of 500 L per phase were used in liquid-liquid extraction experiments. Aqueous solutions were spiked with trace amounts of nat U, 241 Am and 152 Eu, respectively.
Magnesium solutions (0.008-37.5 g/L) were prepared by dissolving a weighted amount of MgO in 3.09 mol/L HNO 3 . Accordingly, the acid concentration decreased with increasing Mg concentration, due to partial neutralization of HNO 3 (compare Eq. (1)), while the nitrate concentration was constant. An overview of the Mg concentrations and the corresponding acid and nitrate concentrations of aqueous solutions used for the extraction experiments is shown in Table 1 . The acid concentration of aqueous solutions was determined by potentiometric titration with a '798 MPT Titrino' from Metrohm. Titrations were carried out with 0.01 molar NaOH solutions.
Increasing weighted amounts of (NH 4 ) 6 Mo 7 O 24 ·4H 2 O were dissolved in 3.09 mol/L HNO 3 for preparation of Mo solutions, keeping the nitrate concentration constant. The acid concentrations were determined by potentiometric titration, as described above, although simple measurement of the H + concentration might not be suffi cient to describe the extremely complex acido-basic Mo(VI) chemistry. An overview of the Mo concentrations and the corresponding acid and nitrate concentrations is shown in Table 2 .
The batch extraction experiments were performed in 2 mL glass vials in a thermostatted aluminum block at 22°C and the extraction time was 15 min.
The radioisotopes 241 Am and 152 Eu were directly analyzed using a high-purity germanium spectrometer system (EG&G Ortec, Munich, Germany; equipped with the Gamma Vision software) without any additional sample preparation. The -lines at 59.5 keV and 121.8 keV were examined for intensities of Mg, Mo, and U were analyzed using ICP-MS to determine the concentration of each element in the organic and aqueous phase. The aqueous phases were diluted with 1% HNO 3 (suprapure) to an appropriate concentration and measured directly. The organic phases were diluted with 1% HNO 3 (suprapure) containing 0.2% Triton-X 100 in order to disperse the organic phase in the sample homogenously. The results are given as distribution ratios D.
Results and discussion
Dissolution behavior
In preparation for the well-established PUREX process spent fuel is dissolved in near boiling 7-10 mol/L nitric acid [10, 23] . Therefore, the dissolution behavior of MgO and Mo based inert matrix fuel was investigated in the heat (90°C). However, PuO 2 is expected to partially dissolve in concentrated nitric acid at elevated temperatures, but potentially less at mild conditions (room temperature, dilute nitric acid). The dissolution of plutonium from fresh and spent PuO 2 or MOX is complex and depends on synthesis, microstructure, and thermal as well as irradiation history [24] [25] [26] . The aim of this work is to evaluate conditions at which the matrix material can be selectively dissolved without dissolving high amounts of PuO 2 . Therefore, dissolution behavior at mild conditions is also investigated. If the matrix material could be selectively dissolved and separated in a fi rst dissolution step at mild conditions, the PuO 2 would then be dissolved in an additional step utilizing, e.g. boiling concentrated HNO 3 and Ag(II) or Ce(IV) as catalysts [24] [25] [26] .
The dissolution of MgO may be described by the following equation [27] : Figure 1 displays the dissolution kinetics of ceramic MgO pellets at 90°C (open symbols) and at room temperature (fi lled symbols) in initially 2.5 and 7 mol/L HNO 3 . The intermediate acid concentrations were also examined, but are not shown here for reasons of clarity. In the heat MgO pellets quantitatively dissolved within about one hour. The acid concentration has barely any effect on the rate of dissolution of MgO in the range of 2.5 to 7 mol/L, but the rate of dissolution is strongly dependent on the temperature. Complete dissolution of a MgO pellet in nitric acid at room temperature is achieved within one day. The temperature dependence of dissolution rates is typically expressed using Arrhenius law:
with the pre-exponential factor A, the activation energy E, the rate constant k, the gas constant R and the temperature T. The activation energies for the different acid concentrations were calculated from the slopes of the linear fi ts (not shown here). The obtained activation energies for dissolution of magnesia in nitric acid of different concentration show no clear trend but vary in the range from 40 to 60 kJ/mol, which indicates a surface controlled dissolution [28] . The surface or microstructure plays a key role in dissolution [29, 30] and hence, the dissolution rate is usually normalized to the reactive surface area to allow comparability with other samples with different microstructure or geometry. However, well--established methods such as BET (Brunauer-Emmet-Teller) cannot be applied to pellets. A possibility to get a better evaluation of the pellet surface would be with a method based on SEM observation as described by Horlait et al. [31] , but this is beyond the scope of this paper. However, it should be briefl y mentioned that several indications were found for a surface controlled dissolution. For instance, we observed a heterogeneous surface development during dissolution, which can probably be attributed to heterogeneous crystal orientations. This is in agreement with the observation by Suárez and Compton [32] within an atomic force microscopy study, that the different surfaces of the MgO crystal (100), (110), and (111) dissolve in hydrochloric acid via heterogeneous etch patterns.
The dissolution of molybdenum is an oxidative process which may be described by the following equation:
However, the produced MoO 3 does not readily dissolve in nitric acid [33] . The aqueous chemistry of molybdenum is quite complex. The speciation of molybdenum has been studied intensively in hydrochloric and perchloric acid medium, but little is known about the speciation in nitric acid medium, especially at high acidities, which are relevant for the dissolution of IMF. Molybdenum(VI) is well known to exist as molybdate in alkaline solutions of pH > 7. With an increase in the molybdenum concentration molybdate ions polymerize to form isopolymolybdates, which have been reported to exist in the region of molybdenum concentrations >10 -4 mol/L. Below this concentration, acidifi cation of the molybdate proceeds to form monoprotonated, diprotonated and fi nally cationic species. Cationic species exist in the region of pH below one. In the acidic region, the existence of dimeric cations has been suggested in the more concentrated solutions of molybdenum [34] . The speciation of molybdenum during dissolution of molybdenum pellets was studied by electrospray ionization mass spectrometry (ESI-MS), but is beyond the scope of this paper and will be published elsewhere.
The typical dissolution kinetics of metallic Mo pellets at 90°C (open symbols) and at room temperature (fi lled symbols) in 1 and 7 mol/L HNO 3 is depicted in Fig. 2 . Unlike MgO, the dissolution behavior of molybdenum in nitric acid strongly depends on the acid concentration; the rate of dissolution velocity in 7 mol/L HNO 3 was signifi cantly higher than in 1 mol/L HNO 3 . However, during dissolution of a Mo pellet in 7 mol/L nitric acid at 90°C a huge amount of precipitation occurred within the fi rst 30 min of the dissolution. The molybdenum concentration in the solution increased during the initial phase of the dissolution. However, it then decreased due to the onset of the precipitation and did not exceed 20% of the expected amount. The dissolution of Mo at room temperature is expected to proceed with signifi cantly less precipitation. Compared to the dissolution at 90°C, only a very low amount of precipitation occurred instantly at room temperature. Precipitates formed at all investigated conditions and were identifi ed as MoO 3 (molybdite) by XRD. X-ray diffraction analyses were performed in the range from 10 to 100° 2 at room temperature with the D8 Advance (2 geometry) and the D4 Endeavor (- geometry) from Bruker AXS GmbH. All precipitates were hand milled prior to analysis. However, only about 5% of the molybdenum precipitated in 1 molar nitric acid at room temperature, while about 80% precipitated in 7 mol/L HNO 3 in the heat.
Both molybdenum and magnesia can be dissolved at mild conditions although the dissolution is faster at elevated temperatures. However, a quantitative separation will not be achieved during dissolution and needs to be accomplished in a subsequent separation step.
Extraction
First, the extractability of Mg 2+ and Mo 6+ was investigated by the PUREX solvent 30% TBP in TPH. Additionally, the infl uence of increasing Mg and Mo concentration on uranium, americium and europium extraction was studied. For this purpose the solutions were spiked with trace amounts of nat U, 241 Am and 152 Eu, although Mo(VI) is a proven complexing agent for U(VI) [35] .
With the PUREX solvent Mg was not extracted (D < 0.1). Uranium was well extracted with distribution ratios of ~25 (Fig. 3, left) . Americium and europium were poorly extracted with D < 0.1, although at the highest initial Mg concentration an increase in the Am/Eu distribution ratios was observed. This was caused by the decreasing acid concentration as shown in Table 1 for the Mg system and Table 2 for the Mo system, while the nitrate concentration was constant. It is well known that TBP extracts also nitric acid at high acidity by solvation mechanism. Thus at low acitity the free TBP concentration in the organic phase is higher, resulting in increased uranium, americium and europium distribution ratios. Molybdenum was also not extracted (D < 0.1). Uranium was well extracted in the presence of molybdenum with distribution ratios of ~22 (Fig. 3, right) . Americium and europium were poorly extracted with D ratios ~0.1. No third phase formation nor precipitation was observed in both cases.
Magnesium as well as molybdenum were not extracted by the PUREX solvent 30% TBP in TPH, but remained in the aqueous phase together with the lanthanides and minor actinides. Therefore, the extractability of MgO and Mo by DIAMEX type solvents as well as their infl uence on the extraction of actinides and lanthanides is explored in the next step.
With the DIAMEX solvent, a fi ne precipitation was observed at c ini (Mg) = 38 g/L. Magnesium was not extracted with D ~ 0.01 at the lower initial Mg concentrations. However, an increasing extraction of Mg was observed at the highest initial Mg concentrations. The increasing extraction of Mg with DMDOHEMA was surprising and needs to be further investigated. However, the behavior of the actinides (U, Am) and Eu is in line with literature data. Uranium was very well extracted (D ~ 100), and Am (D ~ 5) and Eu (D ~ 3) were well extracted (Fig. 4,  left) . Third phase formation was also observed in the Mo system at c ini (Mo) = 43 g/L and a precipitation occurred at c ini (Mo) = 90 g/L. This was due to the good extraction of Mo by DMDOHEMA, with D reaching a maximum of 4 (Fig. 4, right) . Uranium was very well extracted (D > 100), and Am (D ~ 4) and Eu (D ~ 2) were well extracted.
In the presence of macro amounts Mg, no third phase formation or precipitation was observed with TODGA. Magnesium was not extracted, with D ~ 0.01. Uranium was well extracted with D ~ 10 and Am and Eu were very well extracted with D > 100 (Fig. 5, left) . In the case of molybdenum a fi ne precipitate was observed at c ini (Mo) = 90 g/L. Molybdenum was moderately extracted with D of 2.5 at low initial Mo concentration, while decreasing Mo distribution ratios are observed at higher Mo concentrations (Fig. 5, right) . Uranium was well extracted with D ~ 10 and Am and Eu were very well extracted with D > 100.
The extraction results show that Mo is partly extracted by DMDOHEMA and TODGA, causing third phase formation or precipitation problems at the highest initial Mo-concentrations. The behavior of the actinides (U, Am) and Eu is in line with literature data [36] [37] [38] [39] .
Conclusions and outlook
The dissolution of MgO is possible even under relatively mild conditions (2.5 mol/L HNO 3 , room temperature). Magnesium oxide could be separated in a fi rst dissolution step at mild conditions, while the actinides would be dissolved in an additional step utilizing, e.g. boiling concentrated HNO 3 .
The rate of dissolution of Mo was strongly dependent on the acid concentration as well as the temperature. The dissolution of Mo pellets in HNO 3 was complex. It was accompanied by precipitation, especially at high acid concentrations and temperatures. Further dissolution optimization studies are planned in the near future in glove boxes (fresh PuO 2 + Mo matrix pellets).
The matrix elements Mg and Mo were not extracted using the PUREX solvent. In the DIAMEX solvent Mg was extracted at low acidity, while Mo was extracted with moderate distribution ratios. The TODGA solvent was not able to extract Mg, but Mo was slightly extracted at low Mo concentrations. However, both the DMDOHEMA and the TODGA system suffer from third phase formation and pre- cipitation issues, which will have to be resolved. However, methods have to be developed to separate Mg and Mo to improve the fi nal conditioning of the remaining fi ssion products before vitrifi cation.
